ABSTRACT
INTRODUCTION
Neonates with single ventricle physiology have a lower birth weight and smaller head circumference when compared with normal newborns. In contrast, neonates with dextrotransposition of the great arteries (d-TGA) have a normal birth weight and a slightly smaller head circumference when compared with normal newborns [1] [2] [3] . Birth weight is a critical predictor for survival outcome of those with congenital heart defect (CHD), especially in cases of a single ventricle (SV) [4] [5] [6] [7] . Head circumference (HC) at birth also correlates with the neurological outcome of children with SV 3, 8, 9 .
Previous work suggests that variation in fetal circulation may explain differences in fetal growth in those with CHD 2 . Recent studies of fetal cardiac magnetic resonance imaging (MRI) demonstrated that combined cardiac output (CCO) was decreased by 20% in fetuses with hypoplastic left heart syndrome (HLHS) compared with in controls and fetuses with d-TGA 10, 11 . Fetal echocardiogram-derived CCO is used clinically to evaluate fetal high cardiac output lesions such as arteriovenous malformations 12, 13 . CCO has not been studied extensively in CHD. Fetal Doppler ultrasonography provides important insight into fetal blood distribution using middle cerebral artery (MCA) and umbilical artery (UA) pulsatility indices (PIs) 13, 14 . Previous work showed decreased MCA-PI in fetuses with HLHS 15, 16 . This observation was thought to reflect decreased cerebral vascular resistance to improve cerebral oxygen delivery 15, 16 . The effects of fetal hemodynamics on fetal growth have not been studied in fetuses with CHD 14 . We hypothesized that fetuses with SV will have lower CCO, be smaller at birth and have lower MCA-PI compared with in normal controls and fetuses with d-TGA ( Figure 1 ). The objective of this study was to evaluate the effects of hemodynamics on fetal growth in those with CHD.
SUBJECTS AND METHODS

Study design
This was a retrospective multicenter cohort study approved by the institutional review board at Cincinnati Children's Hospital Medical Center, University of Cincinnati Hospital and Good Samaritan Hospital in Cincinnati. We included all cases with a prenatal diagnosis 
Figure 1
Hypothesis for fetal hemodynamic effect on fetal growth. Fetuses with hypoplastic left heart syndrome (HLHS) and those with non-HLHS single ventricle may have lower cardiac output, which may cause decreased cerebral vascular resistance, as reflected by reduced middle cerebral artery (MCA) pulsatility index (PI) and reduced blood distribution to placenta. This may explain fetal growth differences in these two groups compared with normal controls and fetuses with dextrotransposition of the great arteries (d-TGA). CCO, combined cardiac output; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; UA, umbilical artery.
of d-TGA, HLHS or non-HLHS-SV between 1 January 2011 and 1 March 2015, in which the mother underwent obstetric care at the University of Cincinnati and Good Samaritan Hospital, and fetal cardiology prenatal care at the Cincinnati Children's Hospital. The control group included fetuses with a structurally normal heart that underwent echocardiography due to family history of CHD. The study population was divided into four groups: those with HLHS, those with non-HLHS-SV, those with d-TGA and normal controls. We excluded subjects with a known prenatal genetic diagnosis, major extracardiac anomaly or intrauterine death. Multiple pregnancies were also excluded.
Clinical maternal and fetal information
Obstetric notes from prenatal care visits were reviewed. Maternal demographic characteristics were collected, including race, ethnicity and insurance type, as well as prenatal information focusing on maternal factors that might affect fetal growth, including height, weight, pregnancy-induced hypertension, gestational diabetes and smoking status, and information on any other prenatal diagnosis suspected on maternal ultrasound.
Fetal growth
Fetal biometric measurements were taken by the original sonographer. Estimated fetal weight and HC were collected from serial obstetric ultrasound examinations throughout gestation. Birth weight, length and HC were recorded from delivery reports. Z-scores for fetal biometry at birth were calculated using previously published methods 17 . Asymmetric growth was assessed by birth HC Z-score minus birth weight Z-score 18 . Fetal weight gain in late gestation was defined as the difference between Z-scores of birth weight and weight at 30 weeks' gestation 4 . Evaluation at 30 weeks was chosen as previous studies have shown that divergence in fetal growth in patients with CHD was more pronounced at around 30 weeks of gestation 4 .
Fetal echocardiography
Fetal echocardiography was performed by a trained sonographer with expertise in fetal echocardiography, in accordance with published standards 19 . All examinations were performed using either an Acuson Sequoia C512 or an Acuson S2000 ultrasound system (Siemens Medical Solutions USA, Inc., Malvern, PA, USA) with commercially available curvilinear transducers. Pulsed-wave Doppler evaluations were recorded of flow patterns in the fetal MCA and UA. Left and right cardiac outputs were calculated from pulsed-wave Doppler of the aortic and pulmonary valves, respectively, using the following equation: cardiac output = cross-sectional area of the semilunar valve (3.14 × valve radius 2 ) × velocity-time integral × heart rate. CCO was obtained by adding the left and right cardiac outputs. CCO was then indexed to estimated fetal weight (indexed CCO), as previous work has suggested that indexed CCO does not change according to gestational age 13 . MCA-PI and UA-PI were calculated using systolic, diastolic and mean velocities 20 . Z-scores of MCA-PI and UA-PI were calculated using previously described methods 21, 22 . Cerebroplacental ratio was defined as the ratio of MCA-PI to UA-PI. All measurements were made by a single pediatric cardiologist.
Statistical analysis
Baseline maternal characteristics were summarized using frequencies and percentages for categorical variables, and mean ± SD or median and interquartile range for continuous variables. Categorical variables were analyzed using Fisher's exact test and continuous variables were analyzed using the Kruskal-Wallis non-parametric test. Pairwise comparisons among the four study groups were made using non-parametric multiple comparison methods (Dwass, Steel, Critchlow-Fligner) with P-value adjustment. Linear and quadratic regression models were used to study the trends of CCO, MCA-PI, UA-PI and fetal biometry across gestational age in the four study groups, accounting for repeated measures. P-values < 0.05 were considered statistically significant. Regression analyses, accounting for study group, were performed to assess the association between CCO, indexed CCO and pulsatility indices at approximately 30 weeks' gestation (dependent variables) with birth weight, length and head circumference Z-scores and fetal weight gain late in gestation (independent variables) for each pair of measurements. JMP version 12 and SAS version 9.3 (both from SAS Institute Inc., Cary, NC, USA) were used for statistical analyses. (94) 1 (6) 9 (21) 24 (57) 
RESULTS
Examinations were reviewed from 109 fetuses that met the inclusion criteria, had at least one prenatal echocardiogram and had postnatal biometric measurements available. Fetuses had a diagnosis of HLHS (n = 30), non-HLHS-SV (n = 20) or d-TGA (n = 17), or were normal controls (n = 42). In total, 221 fetal echocardiograms and 411 maternal ultrasounds were reviewed. We were able to calculate CCO from 188 (85%) of the echocardiograms. In the remainder, the most common cause of missing cardiac output data was the absence of semilunar valve Doppler interrogation. Maternal and fetal characteristics and fetal cardiac anatomy are detailed in Table 1 . Overall, there were fewer African-American mothers in the d-TGA group. Mothers with a fetus with HLHS and those with a fetus with non-HLHS-SV were more likely to have public insurance. There were no other differences in maternal characteristics among the groups. There was no difference in fetal sex distribution among the groups. Of note, nearly half of the fetuses in the non-HLHS-SV group had tricuspid atresia with normally related great vessels. The next most common defect in this group was pulmonary atresia/intact ventricular septum.
Fetal echocardiographic measurements
Fetal CCO increased throughout gestation in all groups (P < 0.001 for all groups). Visual inspection of Figure 2 showed that the d-TGA and normal control groups had a steeper slope of CCO increase compared with in the non-HLHS-SV and HLHS groups. Indexed CCO averaged across gestational weeks was higher in patients with d-TGA compared with in the non-HLHS-SV group (505 ± 30 vs 389 ± 22; P = 0.01) ( Table 2) . MCA-PI curves over gestation for the four study groups are shown in Figure 3 . Visual inspection of the graph showed that the HLHS group had lower MCA-PI compared with normal controls, and that the non-HLHS-SV group had higher MCA-PI compared with normal controls. When Z-scores at 30 weeks of gestation were compared, the HLHS group had lower MCA-PI compared with the non-HLHS-SV group (−1.8 ± 0.3 vs − 0.3 ± 0.3, P = 0.006) ( Table 2 ). Figure 4 illustrates the difference in MCA Doppler waveforms among the HLHS, non-HLHS-SV and normal control groups. There was no significant difference between fetuses with d-TGA and normal controls.
UA-PI decreased through gestation in all groups ( Figure 5 ). There was no difference among the groups in UA-PI Z-scores at 30 weeks ( Table 2) .
The measurements before and after 30 weeks of gestation were then evaluated ( Table 2 ). Before 30 weeks of gestation, indexed CCO was higher in the d-TGA group compared with the HLHS (P = 0.02) and non-HLHS-SV (P = 0.01) groups, while there was no difference in indexed CCO after 30 weeks of gestation among the groups (P = 0.18). MCA-PI was higher in the non-HLHS-SV group compared with the HLHS group (P = 0.005) before 30 weeks, while after 30 weeks the non-HLHS-SV group had higher MCA-PI compared with the HLHS (P < 0.001) and d-TGA (P = 0.04) groups (Table 2) . After 30 weeks, UA-PI was higher in the non-HLHS-SV group compared with in the d-TGA group (P = 0.04).
Fetal growth
Fetal weight and HC trends with gestation are shown in Figures 6 and 7 ) and normal controls ( ). Compared with normal controls, HLHS group had lower MCA-PI while non-HLHS-SV group had higher MCA-PI. All groups had peak MCA-PI around 30 weeks of gestation. d-TGA group had trend towards low MCA-PI compared with normal at end of gestation. through gestation (P < 0.001 for all groups and both measures). Figure 6 shows decreased growth velocity in the non-HLHS-SV and HLHS groups compared with in the d-TGA and normal groups. For head circumference, visual inspection of Figure 7 showed that the HLHS, non-HLHS-SV and d-TGA groups had decreased growth velocity compared with the normal group. Birth weight Z-score was lower in non-HLHS-SV fetuses compared with in normal controls (P = 0.04, Table 3 ). Birth length Z-score was lower in HLHS (P = 0.02) and non-HLHS-SV (P = 0.006) fetuses compared with in normal controls. HC Z-score was lower in non-HLHS-SV fetuses compared with in normal controls (P = 0.003). HC Z-score minus birth weight Z-score and fetal weight gain in late gestation were not different among the four groups.
There was a positive association between CCO at 30 weeks and birth weight Z-score in normal controls (P = 0.002), but not in the other groups. No association was seen between CCO at 30 weeks and birth length Z-score or head circumference Z-score in any of the groups. There was a negative association between indexed CCO at 30 weeks and birth weight Z-score (P = 0.02) and birth length Z-score (P = 0.03) in the normal controls, but this was not seen in any of the CHD groups. CCO and indexed CCO did not correlate with fetal weight gain in late gestation in any of the groups. In the normal controls, UA-PI at 30 weeks was correlated negatively with Z-scores of head circumference (P = 0.01), birth weight (P = 0.0005) and birth length (P = 0.003). No associations with UA-PI and birth measurements were seen in the other groups. MCA-PI did not correlate with any of the birth measurements or fetal weight gain in late gestation in fetuses with CHD. Furthermore, cerebroplacental ratio did not correlate with birth weight or head circumference in any of the groups.
DISCUSSION
This study demonstrates changes in CCO in different CHD groups throughout gestation, and correlates these changes with fetal growth. Fetuses with single ventricle physiology demonstrated a more gradual increase in CCO throughout gestation compared with fetuses with d-TGA and normal controls, which was reflected in fetal weight gain curves. At 30 weeks of gestation, CCO, indexed CCO and MCA-and UA-PI did not correlate with any of the birth measurements or with fetal weight gain in late gestation in the CHD groups.
Fetal hemodynamics by Doppler echocardiography
We have shown that fetuses with SV physiology manifest a slower rate of CCO increase in late gestation. Previously, Szwast et al. showed that CCO in fetuses with HLHS was lower by 20% compared with in normal fetuses 23 . This suggests that, although SV compensates for the absence of other ventricular output, this compensation is incomplete.
The current study also demonstrated higher indexed CCO in fetuses with d-TGA compared with in those with other types of CHD. Interestingly, we found that the increase in indexed CCO in fetuses with d-TGA occurs before 30 weeks of gestation. Similarly, a study by Porayette et al. using fetal cardiac MRI reported an increase in CCO in fetuses with d-TGA 11 , which may be explained by their unique fetal physiology 24 . In fetuses with d-TGA, left ventricular blood with high oxygen saturation flows to the pulmonary artery leading to lower pulmonary vascular resistance 24 . This increases pulmonary blood flow leading to an increase in indexed CCO 25 . Later in gestation, increased pulmonary flow results in elevated left atrial pressure, which may lead to ) and normal controls ( ). All groups had decrease in UA-PI over gestation with no statistically significant difference in slope. restriction at the level of the foramen ovale. In addition, higher pulmonary flow may lead to less flow in the ductus arteriosus, which may become restrictive 24 . This explains the relative decrease in indexed CCO in fetuses with d-TGA later in gestation.
In regards to cerebral autoregulation, the lower MCA-PI in fetuses with HLHS suggests a vasodilatory response in the cerebral vasculature, as there is retrograde flow through the transverse arch. The higher MCA-PI in fetuses with non-HLHS-SV suggests higher cerebral vascular resistance. Most of the fetuses in the non-HLHS-SV group had right ventricular outflow tract obstruction, and so the majority of the CCO is directed towards the ascending aorta. The elevated resistance suggests a regulatory mechanism to control cerebral blood flow in this population 15, 26 . Results are given as mean ± SD. All non-significant comparisons had P-value > 0.1. d-TGA, dextrotransposition of the great arteries; EFW, estimated fetal weight; GA, gestational age; HC, head circumference; HLHS, hypoplastic left heart syndrome; SV, single ventricle.
Fetal hemodynamics and growth
Previous work has demonstrated that fetuses with HLHS have decreased growth velocity later in gestation 4, 27 . Interestingly, we found that all groups, including controls, had reduced weight gain late in gestation with lower birth weight Z-score compared with fetal weight Z-score at 30 weeks. This could be due to different reference values for ultrasound and biometry at birth. To date, there are no standards that reconcile high-quality ultrasound measures with neonatal biometry reference values 4, 8 .
Our study demonstrated no association between fetal hemodynamic measures (fetal CCO, indexed CCO and MCA-and UA-PI) and birth biometry or fetal growth in those with CHD. Low CCO was not associated with poor fetal weight gain, as opposed to in postnatal life in which heart failure is a known cause of growth failure 28 . In normal fetuses, however, our results replicate previous studies 14 . In smaller fetuses with a normal heart, CCO was smaller, while indexed CCO was larger. This suggests possible fetal adaptation to reduced fetal growth with an increase in indexed CCO to ensure adequate oxygen supply in fetuses with a structurally normal heart 14,29 . We did not find a similar hemodynamic adaptation to growth restriction in CHD. We chose to evaluate at around 30 weeks, as differences in growth in fetuses with CHD became evident at this gestational age in previous studies 4, 27 .
Our study showed no association of MCA-PI with head circumference in any group. It is possible that cerebral autoregulatory mechanisms promote normal cerebral blood flow, although they are not able to maintain oxygen delivery, resulting in a smaller brain size in fetuses with CHD 30, 31 .
Limitations
The sample size was small in some of the groups (e.g. n = 17 for d-TGA). This did not allow subgroup analysis and forced combining of subgroups with similar, although not identical, physiology (e.g. patients with d-TGA with and without ventricular septal defect were combined and patients with unbalanced canal were combined with patients with single left ventricle). Subgroup analysis is shown in Appendix S1. Furthermore, we excluded all patients with a genetic diagnosis and major extracardiac abnormality, which are common contributing factors that affect fetal growth 32, 33 . Not all subjects had serial examinations, and fetal echocardiograms were performed at a wide range of prenatal ages. We acknowledge the importance of confirming these results in a larger sample size, in a prospective manner.
Conclusion
As birth weight is one of the most important predictors of survival after neonatal heart surgery, we sought to evaluate fetal echocardiographic measurements that may correlate with birth weight. This study evaluated growth curves and trends in CCO and MCA-and UA-PI over gestation in fetuses with a single ventricle and those with d-TGA. Using the data from fetal echocardiograms obtained at around 30 weeks of gestation, we found no association of CCO or MCA-or UA-PI with late gestational weight gain in fetuses with CHD. Furthermore, indexed CCO did not correlate with birth measurements in these patients. This suggests that the contribution of fetal hemodynamics at 30 weeks to late gestational weight gain is minimal. Future research may explain further genetic and placental abnormalities and the effect of early fetal hemodynamics on fetal growth in CHD.
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